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Na+ pumpPpENA1 is a membrane-spanning transporter from the moss Physcomitrella patens, and is the ﬁrst type IID P-
type ATPase to be reported in the plant kingdom. In Physcomitrella, PpENA1 is essential for normal growth
under moderate salt stress, while in yeast, type IID ATPases provide a vital efﬂux mechanism for cells under
high salt conditions by selectively transporting Na+ or K+ across the plasma membrane. To investigate the
structural basis for cation-binding within the type IID ATPase subfamily, we used homology modeling to
identify a highly conserved cation-binding pocket between membrane helix (MH) 4 and MH 6 of the
membrane-spanning pore of PpENA1. Mutation of speciﬁc charged and polar residues on MHs 4–6 resulted in
a decrease or loss of protein activity as measured by complementation assays in yeast. The E298S mutation on
MH 4 of PpENA1 had the most signiﬁcant effect on activity despite the presence of a serine at this position in
fungal type IID ATPases. Activity was partially restored in an inactivated PpENA1 mutant by the insertion of
two additional serine residues on MH 4 and one on MH 6 based on the presence of these residues in fungal
type IID ATPases. Our results suggest that the residues responsible for cation-binding in PpENA1 are distinct
from those in fungal type IID ATPases, and that a fungal-type cation binding site can be successfully
engineered into the moss protein.Ca2+ ATPase; MH, membrane
tinin
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The P-type ATPase superfamily consists of membrane-spanning
ion pumps that couple ATP hydrolysis with the active transport of
speciﬁc charged substrates, including heavy metals, small cations and
phospholipids, across a variety of cellular membranes [1,2]. Phyloge-
netic analyses undertaken by Axelsen and Palmgren [3] revealed that
the P-type ATPase superfamily can be divided into ﬁve distinct
subfamilies with diverse transport speciﬁcities and biological func-
tions. The subfamily designated type II was further divided into type
IIA and type IIB, both of which are Ca2+ transporters, type IIC, which is
responsible for Na+/K+ exchange in animal cells, and type IID, which
at the time included only fungal proteins that were reported to
transport Na+ or K+ [3,4].
The PpENA1 protein from the non-vascular moss Physcomitrella
patens is the ﬁrst type IID ATPase to be reported in the plant kingdom[5]. Although the puriﬁcation and precise biochemical characterisa-
tion of the PpENA1 protein has not yet been carried out in order to
demonstrate differential cation selectivity or transport stoichiometry,
the evidence suggests it pumps Na+ and K+ across the plasma
membrane. Physiologically, PpENA1 has been shown to complement
the Na+ and K+ sensitive phenotype of the yeast Scena1–4mutant, in
which the endogenous Na+ efﬂux mechanism has been disrupted [5].
Furthermore, PpENA1 has been linked to NaCl-tolerance in Physcomi-
trella itself, where a knock-out strain was impaired in growth on
100 mMNaCl [6]. In a separate study on ppena1 knock-out mutants of
Physcomitrella patens, Na+ efﬂux by the moss was found to be
suppressed at pH 9 and an accumulation of Na+ in the cytoplasm was
observed, although no growth impairment was reported [7]. This
same increase in Na+ efﬂux was not observed at pH 5, where PpENA1
was apparently dispensable. This result was consistent with the
presence of the electroneutral SOS1 Na+,H+ antiporter in Physcomi-
trella [3],which carries out Na+ efﬂux at neutral and acidic pHs. While
genes such as the Na+,H+ antiporter, SOS1 are probably ubiquitous
among plants, no ATP-powered Na+ transporters other than PpENA1
have been characterised in plants, despite the fact thatmaintenance of
low cytoplasmic Na+ concentrations is vital for normal metabolic
functions in all vascular plants, including at high pH [8,9]. Hence, a
precise deﬁnition of the molecular mechanism whereby PpENA1 may
select Na+ is of direct relevance not only to researchers in the ﬁeld of
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Na+ efﬂux mechanisms in plants more generally.
The three-dimensional structure of mammalian P-type ATPases
and the conformational changes that occur during their reaction cycle
have been thoroughly examined, and the structure of the sarcoplas-
mic reticulum Ca2+ ATPase (SERCA) from mammalian muscle has
been deﬁned in detail. The crystal structure of SERCA has been solved
in conformations that represent the different stages of the transport
cycle [10–13]. More recently, the crystal structures of the porcine
renal Na+,K+ pump and the plasma membrane H+ pump from
Arabidopsis thaliana have been elucidated [14,15]. Comparisons of
these three P-type ATPases conﬁrm that the overall protein
architecture of the superfamily is highly conserved, despite their
relatively low amino acid sequence identities. The conserved P-type
ATPase molecular structure consists of four distinct domains,
including a cylindrical transmembrane pore formed by ten trans-
membrane helices (MH), and three cytoplasmic domains that have
been designated the actuator (A), the nucleotide-binding (N) and the
phosphorylation (P) domains [16].
The transport cycle of P-type ATPases involves conformational
changes between unique structural states, which result in the active
transport of ions from the cytoplasmic side of a membrane to the
luminal or extracellular side. In a simpliﬁed model, the protein can be
envisioned to oscillate between the so-called E1 and E2 conformations.
In the E1 conformation, the cation binding sites of the transmembrane
domain are accessible from the cytoplasm and ATP binds readily to a
deﬁned cytoplasmic motif [16]. Subsequent hydrolysis of ATP and the
release of chemical energy via an aspartyl-phosphate intermediate
results in a conformational change of the protein to the E2 state. In the
E2 state, the afﬁnity of the cation binding site for its ligand is
decreased, and the site is reoriented towards the luminal or
extracellular side of the membrane, resulting in release of the cation
across the membrane [17,18].
The high resolution structure of the mammalian Ca2+ transporter,
SERCA, in the E1 conformation revealed that two Ca2+ ligands are
coordinated centrally within the 10MH pore by at least six charged or
polar amino acid side-groups on MHs 4–6 and 8 [10]. Several of the
Ca2+ coordinating residues in SERCA are conserved in other P-type
ATPases [19], and four homologous residues are located in the cation
binding cavity of the α-subunit of the Na+,K+ ATPase crystal
structure [14]. Fungal type IID ATPases reveal a lower degree of
evolutionary conservation. For example, only two or three of the six
polar cation-binding residues conserved in SERCA are present in the
type IID ATPases from Saccharomyces cerevisiae [4], Neurospora crassa
[20], Zygosaccharomyces rouxii [21] and Debaromyces hansenii [22]. In
contrast, the cation binding sites of the moss transporter PpENA1
exhibit a higher degree of homology with SERCA, despite the fact that
it groups phylogenetically and functionally with fungal type IID
ATPases.
To characterise the cation binding site of PpENA1, we investigated
its structural similarity with SERCA by hydrophobic cluster analysis,
multiple sequence alignments and secondary structure predictions. A
homology model of the transmembrane domain of PpENA1 was
constructed, and comparisons were made between the predicted
cation binding sites of PpENA1, SERCA and fungal type IID ATPases.
The importance of residues predicted to participate in cation
coordination were investigated through site-directed mutagenesis
and functional analysis of the expressed protein in yeast. The activity
of PpENA1 was abolished by three mutations on MH 4 including the
E298S substitution, but was partially restored by additive mutations
designed to insert conserved polar residues present on MH 4 and MH
6 of fungal type IID ATPases. Thus, we were able to use homology
modeling to predict themolecular basis for cation coordinationwithin
the membrane domain of PpENA1 and to subsequently convert the
cation binding site from one observed in moss to one observed in
fungi.2. Materials and methods
2.1. Sequence analyses
Amino acid sequence alignments produced by the Clustal W
algorithm were edited manually based on predicted secondary
structure element assignments of PpENA1 using hydrophobic cluster
analysis (HCA) [23] and PsiPred Version 2.0 [24]. Topology prediction
was conﬁrmed using the hidden Markov model topology HMMTOP
algorithm [25]. The HCA plot of PpENA1 was printed on transparent
paper and overlaid on the HCA plot of SERCA tomanually align regions
of hydrophobic cluster similarity. In HCA plots, proline residues are
shown as red stars, glycine residues are black diamonds, serine
residues are empty squares and threonine residues are shown as
squares with a black dot in the centre. Negatively charged residues are
coloured in red and positively charged residues are coloured in blue.
Other residues are shown by their single amino acid letter code. The
amino acid numbers are shown, and read from the top to the bottom
of the plot in duplicate, and from left to right.
2.2. Homology modeling and model evaluation
The coordinates of SERCA PDB accession 1SU4 [10,26] were used as
a template structure in all homology modelling trials. Homology
modelling was performed based on the satisfaction of spatial
restraints of non-hydrogen atoms and statistical analysis of the
relationships between homologous structures as described by Sali and
Blundell [27] using MODELLER version 7.2 [28]. Resultant models
were reﬁned using a conjugate gradient and simulated annealing
representing arbitrary measurements of the energy required for
creation of protein folds by the implementation of the CHARM 22
energy function [27]. For generation of a membrane domain
homology model, amino acid residues predicted to form the ten
MHs of PpENA1 were modeled onto the coordinates to the
corresponding MHs of SERCA, and all other residues were omitted
from the template sequence. Seven non-aligned glycine residues were
added either before or after each MH of PpENA1 to provide ﬂexible
residues for unstructured loops connecting the individual MHs. For
generation of models including manually inserted Na+ ions, the two
Ca2+ ions of 1SU4were annotated as Na+ ions in the template prior to
modelling, allowing MODELLER to take into account size and valency
when calculating spatial restraints and hydrogen bonding. The
possible coordinates of oxygen atoms, representing water molecules,
were evaluated in preliminary models and edited into the template
prior to energyminimization. Similarly, for the construction of models
with amino acid substitutions, changes were made to the input
alignments prior to modelling. In each round of modelling, at least 20
models were generated, and the optimal models were selected based
on the objective function parameter, calculation of energetic
architecture (a combined Cβ-Cβ pair and Cβ-surface energy function)
using ProSa 2003[29], and stereochemical characteristics determined
with PROCHECK [30]. Internal cavities in the membrane-spanning
domain were calculated with CASTp [31] using a probe radius of 1.6 Å.
All ﬁgures were generated with PyMOL (DeLano Scientiﬁc LLC, San
Francisco, CA).
2.3. Cloning and site-directed mutagenesis
PpENA1 cDNA (kindly provided by Professor Rodríguez-Navarro,
Polytechnic University of Madrid, Spain) was cloned into pENTR/D-
TOPO (Invitrogen, Carlsbad, CA) with or without the addition of a 5′
hemagglutinin (HA) epitope encoding the sequence YPYDVPDYA.
Site-directed mutagenesis of PpENA1 cDNA was performed using Pfu
Ultra polymerase (Stratagene Corp., La Jolla, CA) according to the
manufacturer's instructions. Mutants E298S, D340A, S739A, N741A,
N774A and T777A were prepared individually using appropriate
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a single mutagenesis reaction, and the MH 4 mutant (S292G/A294S/
E298S/G299S) was made in a single reaction with the E298S mutant
as template cDNA. The MH4/6 mutant (S292G/A294S/E298S/G299S/
N774I/G778S/T779G) was generated using the MH 6 mutagenesis
primer pair in a reaction with the MH 4 mutant as template cDNA.
PpENA1 mutagenesis primers were designed to incorporate coding
region silent restriction sites in the ampliﬁed cDNA, which were later
used to screen the mutated cDNAs by PCR and restriction digestion
analyses. All sequences were subsequently veriﬁed by sequencing.
The vector pYES3-DEST, kindly supplied by Dr. Brent Kaiser
(University of Adelaide, Australia), was used for expression of wild-
type and mutant cDNAs in S. cerevisiae under the control of the
galactose inducible promoter, PGAL1. Constructs were moved from
pENTR/D-TOPO into pYES3-DEST, a gateway enabled vector based on
pYES2 (Invitrogen), via LR recombination reactions carried out
according to the manufacturer's instructions (Invitrogen).
2.4. Yeast transformation and complementation
Complementation was carried out in the S. cerevisiae strain B31
(MATa ade2 ura3 leu2 his3 trp1 ena1Δ::HIS3::ena4Δ nha1Δ::LEU2),
kindly provided by Professor Alonso Rodriguez-Navarro. B31 yeast
was propagated on yeast-peptone-dextrose medium, while yeast
transformed with the pYES3-DEST vector were propagated on
synthetic dextrose medium lacking uracil (SC-ura). Transformation
was carried out using the lithium acetate-polyethylene glycol method
[32]. For drop tests, aliquots of S. cerevisiae were diluted in water and
3 μl aliquots were spotted onto SC-ura media supplemented with
galactose. As equal loading controls, aliquots of yeast were also
spotted onto SC-ura gal lacking NaCl, and onto SC-ura plates
containing 2% (w/v) glucose as the carbon source. Yeast transformed
with the pYES3-DEST empty vector was used as a negative control.
2.5. Protein expression and immunblotting
Starter cultures inoculated from single colonies of yeast cells were
grown to stationary phase in SC-ura selective media and used to
inoculate ten volumes of SC-ura supplemented with 2% (w/v) 99.9%
galactose and 50 mMNaCl if required. Samples were grown to late log
phase and cells were pelleted by centrifugation. Cells were washed
twice in 1.2 M sorbitol, 100 mM KH2PO4, pH 7.5, and cell walls were
enzymically digested for 30 min at 30 °C in the same buffer
supplemented with 20 μM β-mercaptoethanol and 1 mg ml−1 zymo-
lyase (Seikagaku corporation, Tokyo, Japan). Resulting spheroplasts
were washed twice in 20 mM triethanolamine, pH 8.0, 800 mM
sucrose, 1 mM EDTA, 1 mM DTT and protease inhibitor cocktail
(Roche, Gipf-Oberfrick, Switzerland), pelleted by centrifugation at
500g for 10 min at 4 °C and analysed by SDS-PAGE on 12% Criterion XT
precast gels (BIO-RAD, Hercules, CA). Immunoblotting was carried out
with rabbit anti-HA (Sigma-Aldrich, Milwaukee, WI) and horse radish
peroxidase conjugated anti-rabbit antibodies, prior to detection with
SuperSignal West Dura substrate (Thermo Scientiﬁc, Rockford, IL).
3. Results
3.1. Comparison of PpENA1and SERCA amino acid sequences
The amino acid sequence identity between PpENA1 and SERCA is
27%, compared with an identity of 36–41% between PpENA1 and
fungal type Na+ and K+ ATPases (data not shown), conﬁrming that
PpENA1 is most similar to the type IID sub-class of P-type ATPases.
Because of the relatively low amino acid sequence identity, the
validity of SERCA as a template structure onwhich tomodel the cation
binding site of PpENA1 was evaluated via HCA and secondary
structure prediction algorithms. HCA plots, which group hydrophobicamino acids that are likely to be involved in the formation of
secondary structure elements, have been shown to be effective
predictors of protein structure conservation [23]. At least 60% of the
PpENA1 protein sequence could be manually aligned with SERCA by
HCA plots, such that over 80% of the hydrophobic clusters were shared
(Fig. 1). These aligned regions correspond to PpENA1 residues 60–
140, 145–195, 230–300, 320–355, 550–610, 660–790, 800–835 and
850–960, and included the structural elements responsible for all ten
MHs present in the SERCA, which have been shown to form a
membrane-spanning pore and to harbour a cation binding site [10].
The HCA alignment also included the majority of the P-domain and
some internal structural elements of the N- and A-domains.
The consensus topology prediction was that ten MHs occur in
PpENA1 at positions equivalent to those observed in the SERCA crystal
structure, as shown below the HCA alignment in Fig. 1. Amino acid
residues forming the predicted MH 4, MH 5 and MH 6 of PpENA1
shared at least 50% amino acid sequence identity with the equivalent
regions of SERCA, while the amino acid sequence at the predicted
locations of MH 1 to MH 3 and MH 7 to MH 10 exhibited 20% to 25%
identity. Prediction of secondary structure elements indicated that the
ten putative MHs in PpENA1 could form contiguous α-helices with
the exception of MH 1 and MH 4, which were predicted to each
contain a short internal loop (Supplementary Fig. S1).
3.2. Homology modelling of the cation binding sites of PpENA1
Homology models of PpENA1 constructed by applying a full-length
alignment of PpENA1 and SERCA in the E1-2Ca2+ conformation
(1SU4) exhibited unfavourable energetic proﬁles between amino acid
residues 360–410 and 860–967 (Supplementary Fig. S2). Z-scores
calculated for protein folds of the PpENA1model in these regionswere
in the range of 0 to 1.3, compared with values from −2.2 to 0
calculated for the 1SU4 structure, indicating probable deviation
between the overall protein architecture of PpENA1 and SERCA. The
architecture of protein folds at all other regions of the global PpENA1
model, including the ten MHs that form a predicted membrane-
spanning pore, produced z-scores of below zero, similar to values
calculated for a library of known proteins [29]. In models constructed
based on an input alignment of only the ten predicted MHs with their
corresponding amino acids in 1SU4, the energetic architecture of
protein folds present in the PpENA1 models were within the
characteristic range of native proteins. Furthermore, the number of
amino acid residues calculated with PROCHECK to be in favourable or
accepted conformations were similar to those of the crystal structure
of SERCA.
3.3. Predicted locations of cation binding sites in PpENA1
An internal cavity was observed in the PpENA1model betweenMH
4, MH 5, MH 6 andMH 8 at a position approximately halfway through
the predicted membrane-spanning pore (Fig. 2a). The cavity was
located at a position equivalent to the location of the two bound Ca2+
ions in the SERCA template [10]. To determine interacting atoms and
to assess the possibility of cation binding sites in the predicted cavity
of PpENA1, models were generated with zero, one or two Na+ ions
within the internal cavity, in addition to zero to ﬁve oxygen atoms,
which are representative of water molecules. The PpENA1 model
containing two Na+ ions and ﬁve water molecules in the internal
cavity proved to be the most energetically favorable when analysed
with ProSA 2003. The ﬁrst predicted cation binding-site was located
close to MH 4, with oxygen atoms from the side-groups of E298 (MH
4), and N774 (MH 6), contributing to the predicted hydrogen bonding
network around the Na+ ion. Three main-chain carbonyl oxygens of
residues I293, A294 and I296, also contributed to the cation binding-
site, as did the oxygen atom of a manually inserted water molecule,
creating an octahedral coordinated cation binding site (Fig. 2b). The
Fig. 1. Similarity of PpENA1 and SERCA secondary structure elements viewed by hydrophobic cluster analysis (HCA). Segments of the two proteins that share more than 80% of hydrophobic clusters are enclosed in hashed boxes. An
explanation of amino acid residue labelling is found in Section 2. The positions of membrane helices within the E1-2CA2+ structure of SERCA are shown above the HCA alignment with blue bars and labelled M1 to M10. The P-type ATPase
phosphorylation signature, ICSDKTGTL, is indicatedwith a red bar. Inset, homologymodel of PpENA1 showing the HCA-aligned protein folds colouredmagenta and the non-aligned regions in grey. The approximate position of themembrane is

















Fig. 2. Location of putative Na+ binding sites in the membrane-spanning pore of
PpENA1. (a) An internal cavity that is calculated to be located between membrane
helices (MH) 4–6 and MH 8 of the PpENA1 model is shown as blue mesh with the
approximate positions of cation-binding labeled I and II. The view is parallel to the
membrane, which is indicated with dashed lines. (b) A putative Na+ binding site (I in
panel a) between MH 4 and MH 6. Relevant amino acid residues and one water
molecule are labeled and non-participating side-chains are omitted for clarity. (c) A
putative Na+ binding site (II in panel a) between MH5, MH6 and MH8. Na+ is colored
orange, predicted hydrogen bonding is indicated with dashed magenta lines and other
atoms are in cpk colours. MH are indicated by green cylinders labeled M1-M10.
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site was facilitated by the presence of a proline in MH 4 at position
297, which disrupted the hydrogen bonding network within the α-
helix. The distances between each of the seven coordinating oxygens
and the Na+ ion in our model were between 2.5 Å and 2.8 Å.
The second predicted cation binding-site was located approxi-
mately 6 Å from the ﬁrst, in the direction of MH 8 (Fig. 2c).
Coordinating oxygen atoms included those from the side-groups of
T777 (MH 6) and N741 (MH 5), which were 2.6 Å and 2.5 Å from the
Na+. The side-groups of N740 and Q744 (MH 5) and T868 (MH 8)
contributed to the polar cavity, but did not form direct hydrogen
bonding interactions with the Na+ (Fig. 2c). It is possible that these
amino acid side-groups could contribute to cation coordination at this
site by hydrogen bonding via water molecules.
3.4. Effect of mutating putative cation binding residues on the ability of
PpENA1 to complement Na+-sensitive yeast
To evaluate the importance of amino acid residues predicted to be
involved in cation transport in the transmembrane domain of PpENA1,
we carried out site-directed mutagenesis on the PpENA1 coding
sequence and investigated its ability to increase NaCl tolerance in
yeast. PpENA1was conﬁrmed as a type IID P-type ATPase partly on the
basis of its ability to increase the NaCl tolerance of the NaCl-sensitive
B31 yeast strain, lacking endogenous ENA1 genes [5,33]. The
endogenous ENA1 gene of S. cerevisiae, which has been disrupted in
the B31 strain, has been shown to be a typical P-type ATPase that can
undergo phosphorylation by both ATP and Pi to form the expected
acyl phosphate intermediate [34]. Thus it was expected that the
heterologous expression of PpENA1, the equivalent P-type ATPase
from moss, would complement the NaCl-sensitive phenotype of the
B31 strain.
As demonstrated previously by Benito and Rodriguez-Navarro [5],
heterologous expression of PpENA1 enabled B31 yeast to grow on
media containing up to 600 mMNaCl, compared with no growth with
an empty vector control (Fig. 3). In contrast, the expression of PpENA1
in our system had no observable effect on yeast growth at 1 M or
1.5 M KCl (data not shown), and thus for further functional analysis of
the effect of amino acid mutations carried out complementation
experiments on NaCl. The addition of an N-terminal HA epitope,
which enabled us to detect protein expression, had no discernible
effect on protein activity as measured by yeast complementation. To
conﬁrm that the effect of inactivating PpENA1was readily measurable
in this system, the aspartic acid residue from the conservedFig. 3. The effect of PpENA1 and its mutant forms on the NaCl tolerance of B31 S.
cerevisiae. PpENA1 and mutants thereof (listed to the left of the ﬁgure) were expressed
in the NaCl-sensitive B31 yeast strain. Aliquots of 3 μl cells were spotted onto plates in a
decimal dilution series from left to right and incubated until the ﬁrst colony had formed
in the most dilute sample. Amino acid residues predicted to form hydrogen bonding
with Na+ in the PpENA1 model are indicated to the left by I and II and related to the
cation binding sites in Fig. 2.
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(D340A). In contrast to PpENA1, expression of the D340A mutant had
no positive effect on the growth of B31 yeast under high NaCl (Fig. 3).
This conﬁrmed that D340 is vital for transport by PpENA1, and that
changes to PpENA1 activity can be readily observed in this yeast
complementation system.
The amino acid residues from which side-chain oxygen atoms
were predicted to directly contribute to cation binding in our model
were mutated individually to investigate their importance. In the ﬁrst
predicted cation binding site, the mutation of E298 to a serine residue
severely inhibited the ability of PpENA1 to increase the tolerance of
B31 to NaCl, suggesting that E298 plays a vital role in PpENA1 activity.
The mutation of N774 to a non-polar isoleucine residue had a lesser,
but reproducible, effect on PpENA1 activity as measured by decreased
growth of transformed yeast on NaCl plates when compared with
yeast expressing native PpENA1 (Fig. 3).
In the second predicted cation binding site that is positioned closer
to MH 8, the mutation of N741 to alanine signiﬁcantly decreased the
ability of PpENA1 to increase Na+-tolerance in yeast, while the
mutation of T777 to alanine had little or no effect (Fig. 3). The loss of
PpENA1-mediated NaCl tolerance in the E298S mutant and the
decrease in the effect of PpENA1 of the N774I and N741A mutants
suggested that these residues are important for cation transport. To
test whether the mutation of any polar residue located in the
membrane-spanning domain of PpENA1 was likely to have a negative
effect on protein function, S739 was mutated to an alanine residue.
The S739 residue was predicted to be located on MH 5 of the
membrane-spanning pore, but was not orientated towards either of
the putative cation binding sites. As expected, this mutation had no
detectable effect on the ability of PpENA1 to confer NaCl tolerance
(Fig. 3).3.5. Differences between the predicted cation binding-sites of PpENA1
and fungal type IID ATPases
The most signiﬁcant mutation observed in our yeast complemen-
tation assay was the almost complete loss of complementation ability
of the E298S mutant. This was unexpected given that a serine residue
occurs at this position in several characterized fungal type IID
ATPases. Multiple amino acid sequence alignments, HCA and topology
prediction conﬁrmed that the overall protein architecture of fungal
type IID ATPases is likely to be similar to that of PpENA1. This
conservation of structure includes the position of MH 4 and MH 6 and
thus the approximate position of amino acid residues surrounding the
membrane cavity. Primary amino acid sequence alignments between
a number of functionally characterised fungal type IID ATPases,
PpENA1 and SERCA conﬁrmed that none of the residues predicted to
be involved in the cation binding between MH 4 and MH 6 were
conserved between the moss and fungal type IID Na+ pumps (Fig. 4).Fig. 4. Alignments of MH 4 andMH 6 of PpENA1with SERCA and four fungal type-IID ATPases
asterisk above the alignment, and D800, which contributes to cation coordination in SERCA,
are indicated by “S” beneath the alignments and the amino acid numbers of PpENA1 are shInstead, it was apparent that up to four serine residues were located
on MH 4 and MH 6 in the vicinity of the membrane cavity (marked S
beneath the alignments in Fig. 4). Given the proximity of these polar
amino acid residues to the membrane domain cavity and predicted
cation binding sites of PpENA1, it was hypothesised that these
conserved serine residues might be involved in cation binding in
fungal Na+ ATPases.
In order to view the possible structure of fungal type IID ATPases at
this location, our model of the PpENA1 cation binding site was altered
around MH 4 and MH 6 to reﬂect the amino acid sequence of the
fungal Na+ pumps shown in the alignment in Fig. 4. To this end,
serines were substituted for amino acid residues A294, E298 and G299
on MH 4, and for G778 on MH 6, and N774 was replaced with an
isoleucine to reﬂect the absence of this cation binding residue in
fungal Na+ pumps (Fig. 5a). In our model, the absence of a polar side
chain at position N774 and the E298S substitution demonstrated that
the coordination of a cation at the location predicted in PpENA1, and
shown in Fig. 5b, was not likely in fungal type IID ATPases.
Furthermore, it appeared that serine residues at positions 298, 299
and 778 would be located such that a cation could be coordinated by
at least 5 oxygen atoms from MH 4 and MH 6 with hydrogen bond
distances of approximately 2.5 Å (Fig. 5a).3.6. Insertion of serine residues on MH 4 and MH 6 of inactivated
PpENA1 partially restores protein activity
Multiple mutations were introduced in the PpENA1 coding
sequence to investigate whether serine residues on MH 4 and MH 6
could form a cation binding site as predicted in fungal type IID
ATPases. The mutations A294S, E298S and G299S were made in MH 4
of PpENA1 to insert serine residues at positions equivalent to those in
the fungal proteins aligned in Fig. 4, and the S292G mutation was
carried out to remove a serine from PpENA1 that is not present in
fungal Na+ pumps. When expressed in B31 yeast, the MH 4 four-
residue mutant had no ability to increase NaCl tolerance when
compared with the empty vector control or the D340A mutant
(Fig. 6). On MH 6 of PpENA1, the G778S mutation inserted a polar side
chain predicted to contribute to cation binding in the fungal Na+
pumps, and the N774I and T779G mutations removed polar side-
groups from PpENA1 that are not present in the fungal Na+ pumps.
Expression of the MH 6 three-residue mutant in B31 yeast did indeed
confer tolerance to high NaCl (Fig. 6). However, growth rates were
slower when compared with yeast expressing wild-type PpENA1, and
were similar to those of the individual N774I mutant shown in Fig. 3.
Finally, expression of PpENA1 with all seven mutations in MH 4
and MH 6 resulted in increased growth of B31 in the presence of high
NaCl concentrations when compared with yeast transformed with
empty vector, the D340A mutant or the MH 4 mutant (Fig. 6).
Importantly, the amino acid residue substitutions present in this. Residues predicted to contribute to a cation binding site in PpENA1 aremarked with an
is marked with “^.” The four conserved serine residues found in fungal type IID ATPases
own above the alignment.
Fig. 5. Predicted cation binding sites in a fungal type IID ATPases, PpENA1 and the Ca2+ binding site of SERCA. (a) A putative cation binding site formed by three of the four conserved
serine residues onMH 4 andMH 6 in themembrane-spanning pore of fungal type IID ATPases. (b) The corresponding cation binding site in the PpENA1model. (c) The corresponding
Ca2+ binding site of SERCA. Na+ is coloured orange, Ca2+ is coloured cyan, predicted hydrogen bonding is indicated with dashed magenta lines and other atoms are in cpk colours.
Relevant amino acid residues are labeled, and non-participating side-chains are omitted for clarity. MHs are indicated by green cylinders.
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completely disrupted PpENA1 activity. Thus, the effect of the multiple
mutations on MH 6 of PpENA1 at the proposed cation binding site,
including the addition of an additional conserved serine, partially
restored activity to the transporter as measured in this yeast
complementation system.3.7. Protein expression levels of PpENA1 are unaffected by the amino acid
substitutions under investigation
Protein expression was investigated using antibodies against the
HA epitope tag to rule out the possibility that changes to protein
activity observed in the PpENA1mutants created in this study was the
result of non-speciﬁc effects on protein stability. In the case of wild-
type PpENA1 and all mutants thereof, no signal was detected on
immunoblots from yeast grown in media containing glucose, while
growth inmedia supplementedwith galactose resulted in the induced
expression of a new protein with an apparent molecular mass of
approximately 112 kDa (Fig. 7). This is similar to the predicted
molecular mass of PpENA1 of 105 kDa. Higher levels of protein
expression were detected from yeast cells grown in the presence of
50 mM NaCl; an effect that was consistent for both wild-type PpENA1
and all mutants thereof (Fig. 7). In summary, changes to expressionFig. 6. Expression of PpENA1 engineered to contain a fungal-type cation binding site.
Amino acid residues on MH 4 and MH 6 of PpENA1 were substituted with residues
corresponding to those found in fungal type IID ATPases shown in Fig. 4. The effect of
these MH mutations individually and combined were investigated in NaCl-sensitive
yeast. Aliquots of 3 μl cells were spotted onto plates in a decimal dilution series from left
to right and incubated until the ﬁrst colony had formed in the most dilute sample. The
PpENA1 mutant incorporating the MH 4 and MH 6 mutations had an increased when
compared to the MH 4 mutant alone, or the E298S individual mutation.levels of expressed full-length PpENA1 were not detected by
immunoblots against the HA epitope on any of the mutant proteins.4. Discussion
4.1. Comparative analysis and modeling of PpENA1
We investigated the structural mechanism by which PpENA1 can
coordinate cations, predicted to be Na+, within a cavity in its
membrane-spanning pore as an intermediate step of its transport
reaction cycle. The availability of the crystal structure of SERCA in the
E1-2Ca2+ conformation [10] provided us with a template upon which
a comparative model of PpENA1 could be constructed. Additionally,
the readily observable physiological effect of increased NaCl tolerance
conferred by PpENA1 expression in Scena1–4 yeast [6] enabled us to
determine experimentally the effect of single andmultiple amino acid
substitutions at the proposed cation binding sites in the membrane-
spanning pore of PpENA1. Differences near the predicted membrane
cavity between PpENA1 and fungal Na+ pumps indicated that the
residues responsible for cation binding varied within the type IID
ATPase family.
Despite low levels of amino acid sequence identity, prediction of
secondary structure elements and HCA indicated a high degree of 3D
structural conservation between PpENA1 and SERCA (Fig. 1), and thus
that the global protein architecture of the two proteins is likely to be
preserved. Based on SERCA as the model P-type ATPase, PpENA1
probably consists of three distinct cytoplasmic domains and a
membrane-spanning pore formed by ten MHs; a conclusion also
supported by topology prediction algorithms. Conservation of global
protein architecture within the P-type ATPase family has beenFig. 7. No differences are detected in the expression levels of PpENA1 mutant proteins
investigated in this study. Carbon source and salt present in the growth media is
indicated above the ﬁgure; gal, galactose and glu, glucose. Samples represent
normalized protein extracts containing approximately 30 μg total protein. 1, WT
PpENA1; 2, D340A; 3, E298S; 4, S739A; 5, N774I; 6, T777A; 7, N741A; 8, S292G/A294S/
E298S/G299S; 9, G778S/N774I/T779G; 10, mutations 8 and 9 combined. Only samples 1
and 2 are shown for clarity in non-inducing and low NaCl media.
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thaliana plasma membrane H+ pump, and the porcine Na+,K+ pump
[14,15]. The Na+,K+ pump was considered to be an inappropriate
template for molecular modelling of PpENA1 because its amino acid
sequence identity with PpENA1 was only 20% compared with 27%
identity between PpENA1 and SERCA. Furthermore, the functional Na+,
K+ pump consists of three protein subunits of which only the largest is
analogous in structure to SERCA, and it transports metal cations in both
directions across the membrane in contrast to the proposed function of
PpENA1 [5,6]. While the biochemical investigation of the ENA1 gene
productof S. cerevisiae suggested thatNa+andH+exchange couldoccur
across themembrane [34], the requirement of aH+gradient for PpENA1
activity is unlikely due to its continuing activity at pH 9 [7]. Indeed, this
function has recently been shown to be carried out by the PpSOS1 gene
[35].
Having chosen our preferred template structure, we determined
that the region of least similarity based on the HCA plots of PpENA1
and SERCA occurred at residues 350–560 of PpENA1 (Fig. 1). This
corresponded to the majority of the N-domain of SERCA, which
contains the binding-site for ATP [18]. However, many of the speciﬁc
residues implicated in ATP binding, including F487, K492, K515 and
R560 [36] are conserved in PpENA1, suggesting that the function of
the N-domain domain in binding ATP is probably conserved in
PpENA1. Some of the regions of the highest similarity between
PpENA1 and SERCA occurred in the membrane-spanning domain on
MHs predicted to enclose the internal polar cavity. For example, the
amino acid sequence identity between PpENA1 and SERCA was over
55% on MH 4 andMH 6 (Fig. 4). Analyses of PpENA1models that were
generated based solely on the membrane domain of SERCA revealed
that all amino acid residues had favourable conformations and
energetic proﬁles that where characteristic of experimentally deter-
mined protein folds.
4.2. Prediction of cation binding sites
At least two cations could be coordinatedwithin the polar cavity of
the membrane-spanning pore of the PpENA1 model, at positions
analogous to the location of Ca2+ binding sites in SERCA. Disruption of
MH 4 by P297 appeared to create a binding pocket in PpENA1 inwhich
a monovalent cation such as Na+ could potentially be coordinated by
ﬁve polar oxygens from I293, A294, I296, E298 and N774 (Fig. 2b). A
proline residue at this location is fully conserved through the greater
P-type ATPase family [3], and it is possible the cavity caused by the
helix-disrupting proline residue forms the basis for a cation binding-
site in all P-type ATPases. The only signiﬁcant deviation between
PpENA1 and SERCA at this cation binding site was the absence of a
contributing aspartic acid residue at position 778 (800 in SERCA),
which is glycine in PpENA1. A second Ca2+ ion is coordinated between
MHs 5–8 in the E1-2Ca2+ structure of SERCA by polar oxygen atoms
from the side-groups of N768, E771, T799, D800 and E908 [10]. At this
location, these residues were analogous to N741, Q774, T777, G778
and possibly to T868 of the PpENA1 cavity (Fig. 2c). Given the divalent
nature of Ca2+, compared with Na+ as the putative ligand of PpENA1,
the lesser number of polar oxygen atoms and the weaker negative
charge in the predicted cation biding sites of PpENA1 could be a factor
that inﬂuences ion selectivity. Although the model presented here
shows the possible position of a cation at this second site, the exact
nature of ion coordination is unclear and impossible to predict.
Furthermore, the requirement of two additional water molecules to
maximise the predicted energy stability of the model suggests that an
additional cation could be coordinated in this cavity. The stoichiom-
etry of PpENA1 ion transport, or that of other type IID ATPases, is not
yet known. To summarise, based on molecular modelling, a well-
deﬁned cation binding pocket appeared to be present between MH 4
and MH 6 that corresponded to a highly conserved site in SERCA,
while the precise number and position of cation coordinated betweenMH 5, MH 6 and MH 8 could only be hypothetically predicted at this
stage.
4.3. Functional investigation of predicted cation binding sites
It has been demonstrated that individual mutations of amino acid
residues that participate in Ca2+ coordination in the membrane-
spanning pore of SERCA greatly decreases the Ca2+ transporting
activity of the pump [37]. To test the importance of polar residues
predicted to form direct hydrogen bonding with the Na+ ions in our
PpENA1model, the effect of mutations was investigated through yeast
complementation. The severe decrease in the effect of the E298S
PpENA1 mutant, relative to wild-type PpENA1, when expressed in
yeast strongly suggested that residue plays a role in protein activity
(Fig. 3). Similarly, the decreased ability of the N774I mutant to confer
NaCl tolerance supported the prediction that the cation binding site
shown in Fig. 2b could, in fact, exist at the location predicted.
Mutation of N741 also indicated that it may be an important residue,
while the fact that the T777A mutation had no detectable effect on
PpENA1 function could indicate that it was not involved in cation
binding. With the exception of the E298S mutation, our results
indicated that the cation binding sites of PpENA1 were generally less
sensitive to amino acid residue substitutions than SERCA, where the
mutation of any cation coordinating residues abolishes activity. This
effect can be explained by the fact that Ca2+ ATPases represent high
afﬁnity transporters with binding constants for Ca2+ within μM
concentrations [38], whereas PpENA1 is thought to represent a
relatively low afﬁnity Na+ and K+ transporter [5]. When expressing
the PpENA1 enzyme, and mutants thereof, under control of the GAL1
promoter on synthetic drop-out medium (Section 2.4), we did not see
a measurable effect of PpENA1 expression on the tolerance of B31
yeast to high KCl concentrations. We were therefore unable to
determine whether amino acid substitutions carried out in this study
were speciﬁc to the transport of Na+. Nevertheless, we consider it
likely that mutations that decrease the ability of PpENA1 to confer
NaCl tolerance will have similar detrimental effects on the binding of
any monovalent cation within the membrane-spanning pore.
Comparisons of the HCA plot of PpENA1 with that of ScENA1 from
S. cerevisiae, as a representative of the fungal Na+ pumps, indicated
that the global structure of the fungal ScENA1 was likely to be similar
to that of PpENA1 (data not shown). This was consistent with an
amino acid sequence identity of 39% and an amino acid sequence
similarity of approximately 85%. However, variation in the amino acid
sequence between PpENA1 and fungal Na+ pumps in the membrane
cavity suggested fundamental differences in the mechanism of cation
selection within the type IID ATPases family. For example, the highly
conserved PEG motif on MH 4 of all Ca2+ ATPases was also present in
PpENA1, but corresponded to a PSS motif in fungal type IID ATPases
(Fig. 4). The decrease in activity of PpENA1 following the change of the
glutamic acid in the PEG motif to serine indicated that different polar
residues would probably be involved in cation binding in fungal type
IID ATPases. Modiﬁcation of the PpENA1model enabled us to envisage
how different polar residues on MH 4 and MH 6 of fungal members of
the type IID ATPase family could contribute to cation binding (Fig. 5).
Based on the location of serines at positions 298 and 299 onMH 4, and
at 778 on MH 6, a bound Na+ could be envisioned here with
appropriate hydrogen bond distances of about 2.5 Å between the
cation and ﬁve polar oxygen atoms (Fig. 5). Multiple mutations onMH
4 and MH 6 of PpENA1 were carried out to introduce these serine
residues, and to substitute the surrounding residues of PpENA1 to
those found in fungal Na+ pumps. Heterologous expression of this
seven-residue multiple mutant in B31 yeast resulted in an increase in
NaCl tolerance when compared to yeast expressing empty plasmid, or
the inactivated mutant MH 4 (Fig. 6). Given that the MH 4 PpENA1
mutant, containing the E298S substitution, had no detectable activity
in our yeast complementation system, the introduction of further
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effect of the inserted polar residues could restore the activity of the
protein, albeit to a lesser degree than the wild-type protein. This was
consistent with the prediction based on our homology model
whereby serine residues present in MH 4 and MH 6 of fungal Na+
ATPases are able to provide a cation binding pocket (Fig. 5).
An unexpected observation was that a higher level of PpENA1
expression was achieved in yeast grown in the presence of NaCl. A
potential explanation for this is that mechanisms controlling post-
translational processing of the native yeast ENA1 protein, which are
affected by NaCl concentration [39,40], may also act on the heterolo-
gously expressed moss homolog. Further investigation into the precise
mechanisms by which expression of heterologously expressed PpENA1
proteins is controlled by S. cerevisiae will be required before detailed
biochemical characterization can be achieved in this host. Given that in
our predictions, the effects on PpENA1 activity resulting from the
individual and multiple mutations made in this study are caused by
modiﬁcation of cation coordination site between MH 4 and MH 6, it is
noteworthy that no changes in total expression levels of the protein
were detected for any of the mutants (Fig. 7). However, we cannot
completely exclude thepossibility that the aminoacidmutations carried
out onMH4 andMH6 of themembrane-spanning pore had an effect on
protein trafﬁcking or localisation of the enzyme to the plasma
membrane, rather than speciﬁc effects on cation binding. The native
ScENA1 protein accumulates in internal membranes, including the
endoplasmic reticulum [34], and it is likely that heterologously
expressed PpENA1 is similarly located. This makes it difﬁcult to detect
small changes in trafﬁcking, particularlywhenonly a relatively low level
of protein expression is observed (Fig. 7). We substituted S739 from
MH5 with an alanine residue because this particular amino acid was
located close to the predicted cation binding site within the membrane
pore, but was not orientated towards the proposed cation binding
pocket. The fact that thismutation had no effect on complementation of
B31 demonstrated that a decrease in protein activity is not always the
result of the removal of polar residues from the membrane pore.
Furthermore, the fact that the PpENA1 mutant containing seven amino
acid substitutions on MH4 and MH6 was able to confer some degree of
NaCl tolerance to B31 yeast (Fig. 6) suggests that the individual
substitutions that make up the MH4/6 mutant are unlikely to have
interfered with protein localisation.
5. Conclusion
Our results indicate that the location of one of the cation binding
sites in the polar cavity of the PpENA1 membrane domain can be
altered based on rational design with the aid of a homology model.
This opens the possibility that our understanding of the structural
basis for cation binding could be enhanced by in-silico analyses, and
that we could be able to inﬂuence the ion selectivity in P-type
ATPases. Additionally, the observation that speciﬁc residues at the
cation binding sites of moss type IID ATPases are more highly
conserved with those of the mammalian Ca2+ transporters than they
are to fungal Na+ transporters suggests a degree of evolutionary
pressure. It also raises the question of whether potential Na+ selective
P-type ATPases are truly absent from the genomes of higher plants as
currently believed, or whether they are yet to be identiﬁed due to
their sequence similarities with Ca2+ transporters.
Supplementarymaterials related to this article can be found online
at doi: 10.1016/j.bbamem.2010.11.013.
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